Abstract: Sorbitol is a primary photosynthetic product and the principal photosynthetic transport substance in plants of the Rosaceae. Sorbitol transporters in the major facilitator superfamily (MFS) are important for phloem loading and sorbitol uptake into sink tissues. Here we report the cloning, localization, and expression analysis of a sorbitol transporter in fruit of Pyrus bretschneideri Rehd. cv. "Yali." This clone, named PbSOT2, encoded a 537-aa protein with a calculated molecular mass of 57.92 kDa. The predicted protein had 12 transmembrane domains and belonged to the MFS carriers. PbSOT2 was sub-cellularly targeted to the plasma membrane. The expression of PbSOT2 was highest during the rapid enlargement phase of fruit (100 days after full bloom). In addition, the sorbitol content in fruit fluctuated within certain limits, but its proportion of total sugars decreased continuously. This work shows that PbSOT2 may play a role in fruit enlargement and the accumulation of hexose during fruit development.
Introduction
Sorbitol is the main polyol produced by plants of the Rosaceae family (Loescher and Everard 1996) and their dominant translocated photosynthetic product (Bieleski and Redgwell 1985; Lalonde et al. 2003) . Sorbitol accounts for 70% of the translocated carbon in apple (Malus domestica) phloem (Klages et al. 2001) . In phloem exudates of pear, sorbitol comprises about 70% of total soluble sugars, and other sugars such as sucrose, glucose, and fructose represent 30% (Zhang et al. 2014) . Sorbitol that is translocated into the fruit (sink tissue) is converted to fructose by NAD-dependent sorbitol dehydrogenase (NAD-SDH) (Oura et al. 2000; Yamaguchi et al. 1994) and to glucose by NADP-dependent sorbitol dehydrogenase (NADP-SDH) (Yamaki 1984) and sorbitol oxidase (SOX) (Yamaki 1980 ). Sorbitol does not normally accumulate in apple fruit tissues (Marlow and Loescher 1984) , and is a minor component in peach fruit (Brooks et al. 1993) . However, sorbitol represented 30% of the total sugars accumulated in mature fruit of "La France" pear (Yamada et al. 2006) .
The transporters for sorbitol have been identified in various plants, such as sour cherry (Prunus cerasus) (Gao et al. 2003) , apple (Malus domestica) (Gao et al. 2005; Watari et al. 2004) , common plantain (Plantago major) (Ramsperger-Gleixner et al. 2004 ) and Arabidopsis (Arabidopsis thaliana) (Reinders et al. 2005) . Six sorbitol transporters, MdSOT1-MdSOT6, have been isolated from apple with different transporters found to be expressed in different tissues (Fan et al. 2009; Gao et al. 2005; Watari et al. 2004) . A partial fragment of PpSOT2 was isolated from the winter shoots of Japanese pear (Ito et al. 2012 ) and PbSOT1 isolated from P. bretschneideri cv. "Yali" fruit (Zhang et al. 2014) . Sugar transporters are the members of the major facilitator superfamily (Chang et al. 2004; Marger and Saier 1993) . The major facilitator superfamily (MFS) is a class of transporters that facilitates movement of small solutes across cell membranes in response to chemiosmotic gradients (Pao et al. 1998; Walmsley et al. 1998) . The basic fold of the MFS transporter is built around 12 transmembrane segment (TMS) with two six-helix bundles formed by the N and C terminal homologus domains of the transporter which are connected by an extended cytoplasmic loop (Foster et al. 1983; Maiden et al. 1987) . On the basis of phylogenetic analysis, substrate specificity, and working mechanism, the MFS is divided into 74 subfamilies in the TCDB Transporter Classification Database .
At present, few sorbitol transporters have been isolated from pear, and there is little information on the physiological aspects of sorbitol transport in pear fruit. Our objectives therefore were to isolate and determine the subcellular location and expression pattern of a new sorbitol transporter in pear sink tissues.
Materials and Methods

Plant materials
Fruits of Pyrus bretschneideri Rehd. cv. "Yali" harvested in Jiangpu orchard of the Nanjing Agricultural University, were collected at 20 d intervals from 20 days after full bloom (DAFB) to fruit ripening. Fruits were transported on ice to the laboratory immediately after harvest. A portion of each fruit without skin and core was diced into small pieces, frozen in liquid nitrogen and stored at −80°C until used for analysis.
RNA extraction and cDNA synthesis
Total genomic RNA of "Yali" flesh was extracted according to the cetyltrimethyl ammonium bromide (CTAB) method with modifications (Sonneveld et al. 2001) . Briefly, 0.5 g of flesh sample was grounde to powder in a mortar and transferred directly to CTAB extraction buffers. After incubation at 65°C for 1 h in extraction buffers, the supernatant was extracted twice with chloroform:isoamyl-alcohol (24:1 v/v) after centrifugation at 12 000 rpm at 4°C. To the supernatant extracted, the pre-chilled 8M LiCl was added in 1/3 volume to precipitate the RNA for 8 h, then the sample was centrifuged at 12 000 rpm for 30 min and the supernatant was discarded. The resulting RNA pellet was washed twice with 70% ethanol and allowed to air dry in Bechtop. The RNA pellet was resuspended in 20 µl DEPC-H 2 O. In order to remove genomic DNA contamination, total RNA was treated with RNase-free DNase (Takara, Dalian, China) and then 1µg of total RNA was reverse transcribed into cDNA using a First Strand Synthesis Kit (Toyobo Biotech Co. Ltd., Tokyo, Japan) following the manufacturer's instructions. All cDNA samples were stored at −20°C before being used as templates in cloning and quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR).
Cloning of sorbitol transporter gene
The candidate genes were identified by performing BLASTp analysis against the pear gene set in the Pyrus Genome Database (Wu et al. 2013 ) using MdSOT6 (AAT06053) sequences (obtained from http://www.ncbi. nlm.nih.gov/) as query, and an E-value of 1E-5 as threshold. Five highly homologous genes (Pbr038548, Pbr037514, Pbr018465, Pbr037512, and Pbr018464) of sorbitol transporter were found to include genes of putative sorbitol transporters. Pbr018464 was selected for further investigation. The putative sorbitol transporter cDNA was amplified by RT-PCR. The specific primers (PbSOT2F and PbSOT2R) were designed based on the full-length sequence of Pbr018464 using Primer Premier 5.0 software (Table 1) , and synthesized by Invitrogen Biotechnology Co. Ltd. (Shanghai, China). The PCR product was cloned into the pMD19-T vector (Takara) according to the manufacturer's instructions and then the recombinant was transferred into Escherichia coli DH5α. Five positive clones were selected to be sequenced, and the sequences of clones were consistent with Pbr018464; the gene was subsequently named PbSOT2.
Phylogenetic and sequence analyses
Sequence analysis was performed on the BLAST server (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The sequence BLAST analysis was carried out with the BLASTn program in the sequence database of the primary pear genome sequence and NCBI (http://www.ncbi.nlm.nih. gov/BLAST/). Sequence homology analysis was carried out using the DNAMAN program (version 4.0, Lynnon Biosoft). Cluster analysis of amino acid sequences deduced from the putative pear sorbitol transporter cDNAs and those from the other plant sorbitol transporters in the NCBI database (http://www.ncbi.nlm.nih.gov/) was carried out using MEGA 5.1 (http://www. Megasoftware.net/) from initial multiple alignment performed by MUSCLE (Tamura et al. 2011) . Subcellular localization was predicted by Target P (http://www.cbs.dtu.dk/services/TargetP/) and mPLR-Loc (http://bioinfo.eie.polyu.edu.hk/ mPLRLocServer) (Wan et al. 2015) . Putative signal peptides were predicted using SignalP 4.1 (Petersen et al. 2011) , and transmembrane helices were predicted with the THMMH Server v. 2.0 (Krogh et al. 2001 ) and HMMTOP programs (Tusnády and Simon 2001) .
Subcellular localization of sorbitol transporter protein
The full-length open reading frame (ORF) of PbSOT2 without termination codon was amplified by PCR from pMD19-T-PbSOT2 using the primer pair PbSOT2-FX and PbSOT2-RB, which contained XbaI and BamHI restriction sites, respectively (Table 1 ). The amplicon was ligated into pMD19-T to get pMD19-T X/B -PbSOT2, which was then inserted into the XbaI and BamHI cloning sites of a pBI121-GFP vector to produce a fusion construct (pBI121-PbSOT2-GFP) under the control of the constitutive 35S promoter. After verification by sequencing, the fusion construct and control vector (pBI121-GFP) were introduced into Agrobacterium tumefaciens strain GV3101 by heat shock. Transformation of onion epidermal cells was done based on a previous method and the onion cells were cultured on MS medium (Liu and Liang 2009; Murashige and Skoog 1962) for 1-2 d, followed by observation of transient expression of GFP with a universal fluorescence microscope (Olympus BX61).
Sugar determination
Sugar extraction and concentration measurement were performed following the protocols of Yao et al. (2010) with some modifications. Briefly, 2 g of flesh was homogenized in 80% (v/v) ethanol and incubated for 30 min at 37°C to inactivate invertase. The solution was centrifuged at 12 000g for 15 min. The residues were extracted twice in 80% hot ethanol and the supernatants were combined. The supernatants were diluted with double-distilled water to 25 mL, then evaporated and dissolved in sterile water. The aliquots were passed through a 0.45 mm membrane filter and injected into a Waters 1525 high-performance liquid chromatography (HPLC) system (Waters Corp., Milford, MA, USA). The HPLC system (Waters1525, Boston, MA, USA) was equipped with a Waters 2414 refractive index detector, connected to a carbohydrate column (Transgenomic COR-EGET-87C, 7.8 mm × 300 mm and 10 m) and protective column (Transgenomic CARB Sep Coregel 87C cartridge). The mobile phase consisted of double-distilled water, at a flow rate of 0.7 mL min 1 at 35°C. The concentration of each sample was calculated by comparison of peak areas to the area of calibrated sugar solutions of known concentrations.
Analysis of gene expression by quantitative real-time PCR
Gene expression analysis was carried out by qRT-PCR in order to evaluate expression levels of PbSOT2. Specific primer pairs for qRT-PCR were PbSOT2-FQ and PbSOT2-RQ. The tubulin-b2 (Acc. no. AB239681) gene was used as the internal control and the primer pairs were tubulin-F and tubulin-R (Table 1 ). The composition of PCR mix was as follows: 10 µL of 2×SYBR Premix ExTaq™, 0.4 µL of each primer and 1 µL of cDNA template in a final volume of 20 µL. The qRT-PCR was performed in an Roche480 Real-time System with the following PCR programs: initiation with a 10 min denaturation at 95°C followed by 40 cycles of amplification with 15 s of denaturation at 95°C, 15 s of annealing at 60°C, 20 s of extension at 72°C and reading the plate for fluorescence data collection at 60°C. A melting curve was performed from 60°C to 95°C to check the specificity of the amplified product. The raw data were analyzed using Light-Cycler software, and expression normalized to tubulin-b2 gene to minimize variation in cDNA template levels. Each cDNA was analyzed in triplicate, after which the average threshold cycle (Ct) was calculated per sample. The relative expression levels were calculated by the 2 −ΔΔCt method (Livak and Schmittgen 2001) .
Enzyme extraction and assay NAD-SDH, NADP-SDH and SOX enzymes were extracted and determined by a modification of the method of (Yamaki and Moriguchi 1989) . NAD-SDH activity was determined by the increase in reducing sugars at 540 nm in a mixture of 30 mM Tris-HCl buffer (pH 9.0), enzyme solution, 1 mM NAD and 275 mM sorbitol. NADP-SDH and SOX activity were assayed by the same method as for NAD-SDH, but with different mixtures. NADP-SDH activity was determined in a mixture of 30 mM Tris-HCl buffer (pH 8.5), enzyme solution, 3 mM MgCl 2 , 1mM NADP, and 275 mM sorbitol. SOX activity was determined in a mixture of 0.1 mM citric acid buffer (pH 4.0), enzyme solution and 275 mM sorbitol. The protein contents in the enzyme extract were determined by method of (Bradford 1976 ) using BSA as a standard.
Statistical analysis
The SPSS program version 17.0 (SPSS Inc., Chicago, IL) was used for all statistical analyses. All assays were performed three times and the results given as means ± SD of sugar content, enzyme activity and relative gene expression.
Results
Cloning and bioinformatics analysis of PbSOT2
Five sequences of putative sorbitol transporters were found in the search of the pear genomic database. RT-PCR used gene-specific primers designed based on the full-length sequence of Pbr018464 which has high identify with MdSOT5. Sequencing and bioinformatics analysis showed that the cDNA contained a 1611-bp ORF. The cDNA designated as PbSOT2 (P. bretschneideri SOT2), encoded a predicted polypeptide of 537 aa with a calculated molecular weight of 57.92 KDa and an isoelectric point (pI) of 9.05 (Fig. 1) . Multiple alignments between PbSOT2 and other SOT proteins revealed high sequence identity among them; BLAST searches revealed that the deduced amino acid sequence of PbSOT2 shared roughly 83, 80, and 75% identity with homologous sequences from apple (MdSOT5, BAD42345), sour cherry (PcSOT2, AAM44082) and pear (PbSOT1, AFM91103), respectively (Fig. 2) . The consensus sequences for sugar transporters, GRR, PESPRWL, GRRPLLL and PETQGRTLE were all present (Fig. 2) . The deduced amino acid sequence for the PbSOT2 gene appeared to have 12 TMSs with a 6 + 6 arrangement with both N-and C-termini on the cytoplasmic side by the HMMTOP programs prediction (Fig. 1) . However, PbSOT2 protein was predicted to have 10 TMSs with a long central cytoplasmic loop between TMS 6 and 7 by THMMH Server v. 2.0 ( Supplementary Fig. 1 ). BLAST searches revealed that the deduced amino acid sequence of PbSOT2 shared roughly 69-93% identity with known sorbitol transporters of other plants. Phylogenetic analysis revealed that PbSOT2 was most closely related to PpSOT2 (BAM66296) from pear fruit and MdSOT5 (BAD42345) from apple fruit (Fig. 3) . SignalP analysis indicated that PbSOT2 contained N-terminal sorting signals located at amino acid positions 1-70 (Fig. 2) . Prediction by Target P suggested that PbSOT2 was targeted to the plasma membrane, and mPLR-Loc predicted that PbSOT2 was targeted to the cell membrane (Supplementary Fig. 2 ).
Subcellular localization of PbSOT2
Sequence analysis showed a membrane localization signal in the region of the PbSOT2 N-terminal, PbSOT2 was targeted to the plasma membrane by Target P and mPLR-Loc prediction. To verify this, subcellular localization of PbSOT2 was examined by monitoring the GFP fluorescence in the onion epidermis cells transformed with either the fusion construct (PbSOT2-GFP) or the control (GFP). When onion cells were transformed with GFP plasmid, green fluorescence was distributed in both the cytoplasm and nucleus of bombarded epidermal onion cells (Fig. 4 A-C) . In contrast, fluorescence was exclusively detected in the plasma membrane of cells transformed with the fusion plasmid (Fig. 4 D-F) . Careful analysis of serial optical sections through a number of PbSOT2-GFP expressing cells clearly showed that fluorescence was only ever associated with the cell periphery and was not observed around the inner edge (tonoplast side) of the nucleus in these cells (Fig. 4 D  and F ). This indicates that PbSOT2 was not associated with the tonoplast membrane and suggests that it was targeted to the plasma membrane in plant cell.
Sugar accumulation and expression of PbSOT2
Fruit growth of "Yali" was represented by typical sigmoidal curves for fresh weight (Fig. 5A ). Young fruit (20-60 DAFB), fruit enlargement (60-140 DAFB) and fruit maturation (140-160 DAFB) phases were divided into three stages during whole fruit development. The contents of fructose and glucose increased rapidly during fruit enlargement (60- (Fig. 5B) , accounting for 42.00, 31.02, 22.54, and 4.92% of the total sugars, respectively. The expression level of PbSOT2 was highest at 100 DAFB during the fruit enlargement phase. In contrast, the expression levels were substantially lower in young fruit (20-60 DAFB), later in enlargement (120-140 DAFB) and in mature fruit (160 DAFB; Fig. 5C ).
Activity changes of sorbitol-metabolizing enzymes
The activity of NAD-SDH, based on protein content, was clearly high in young fruit (20-60 DAFB) and reached a peak at 60 DAFB, then decreased gradually from fruit enlargement to maturity (Fig. 6A) . The change pattern of NADP-SDH activity was similar to NAD-SDH: the NADP-SDH activity of was much higher before 100 DAFB, was highest at 60 DAFB, and then decreased rapidly with fruit development (Fig. 6B) . The activity of SOX increased in young fruit, decreased with fruit enlargement and again increased rapidly with fruit maturation, two peaks of SOX activity were observed at 40 and 160 DAFB, respectively (Fig. 6C) . However, SOX activity was much lower than that of SDH and about one-tenth of NAD-SDH and NADP-SDH activity during 20-100 DAFB.
Discussion
PbSOT2 gene is member of the major facilitator superfamily PbSOT2, a new sorbitol transporter cloned from Pyrus fruit, was located to the cell membrane. It encoded an ORF of 1611 bp, which corresponded to a protein of 537 aa (Fig. 1) . The deduced amino acid sequence of clone PbSOT2 showed 83% identity with the identified functional sorbitol transporter MdSOT5 from apple fruit (Watari et al. 2004) . Polyol transporters are members of the sugar transporter sub-family, which belong to the major facilitator superfamily, and possess a common structural motif of 12 transmembrane domains (TMSs) (Marger and Saier 1993) . MdSOT3 and MdSOT5 have 12 TMSs (Watari et al. 2004 ) and, conversely, PcSOT1 and PcSOT2 from sour cherry were predicted to have only 11 TMSs (Gao et al. 2003) . In contrast with many sugar transport proteins with a 6 + 6 arrangement of TMSs (Buckhout and Tubbe 1996) , PbSOT2 from pear fruit was predicted to have 10 TMSs by the THMMH Server v. 2.0 ( Supplementary Fig. 1 ) and 12 TMSs by the HMMTOP programs. Similarly, analysis of its deduced polypeptide suggested that PbSOT1 had 10 TMSs by the THMMH Server v. 2.0 (Zhang et al. 2014) . The program Fig. 1 . cDNA and deduced amino acid sequences of PbSOT2. The fine underlined sequences are 12 putative membrane-spanning domains predicted using the HMMTOP program (Tusnády and Simon 2001) . Transmembrane helices: 38-61, 76-93, 104-128, 133-150, 161-180, 195-212, 292-314, 331-351, 360-382, 395-419, 432-454, and 459-482 . Fig. 2 . Features of PbSOT2 protein sequence and alignment with other sorbitol transporters from pear (PbSOT1, AFM91103), apple (MdSOT5, BAD42345), and cherry (PcSOT2, AAM44082). The underlined sequences correspond to those conserved in the sugar transporter sub-family of the major facilitator superfamily, and those in the textbox are putative signal peptide sequences.
(based on THMMH Server v. 2.0) prediction missed two small peaks of hydrophobicity ( Supplementary Fig. 1 ). MFS proteins exhibited two six-transmembrane segment (TMS) repeat units (Marger and Saier 1993) and a three-TMS precursor gave rise to the six-TMS repeat element (Hirai et al. 2003; Hvorup and Saier 2002) . None of the 428 MFS carriers examined appeared to have fewer than 12 TMSs, and 75% were predicted to have 12 using the novel TMSTATS program ). Therefore, PbSOT2 protein was prediction to have 12 TMSs.
GFP fluorescence expression and PbSOT2 subcellular localization
Sugar transporter proteins are important carriers for transporting sugar across the plasma membrane or vacuolar membranes. To date, however, there are few reports on localization of sorbitol transporters. GFP localization of the identified membrane proteins is therefore a prerequisite to confirm their putative localization. The method of subcellular localization by GFP fluorescence expression in onion epidermis cells was widely used (Endler et al. 2006; Hayes et al. 2007; Huang et al. 2011; Sivitz et al. 2007 ). The different sugar transporters have various localizations, MdSOT6 from apple fruit was localized to the plasma membrane in the transient expression of MdSOT6-GFP fusion proteins in Arabidopsis protoplasts (Fan et al. 2009 ). The results of GFP-VvTMT1 fusion protein expression in tobacco epidermal cells and immunolabeling in grape berry both demonstrated that VvTMT1 is localized in the tonoplast (Zeng et al. 2011) . VvHT3 protein was targeted to the plasma membrane in onion epidermal cells (Hayes et al. 2007 ). Localization results of AtSUT4-GFP fusion protein in onion epidermal cells and Arabidopsis epidermal cells were coincident (Endler et al. 2006) . Therefore, we transiently expressed the GFP-PbSOT2 fusion protein in onion epidermal cells and determined its localization, the fluorescence was restricted to the plasma membrane. Program prediction ( Supplementary Fig. 2 ) and localization analysis (Fig. 4) indicated that PbSOT2 localizes to the plasma membrane in plant cell.
Expression of PbSOT2 and sorbitol content in fruit
In the Rosaceae, sugars are mainly translocated as sorbitol (Webb and Burley 1962) and sorbitol accounted for >68% of the total sugars in phloem exudates (Zhang et al. 2014). In "Yali" fruit, sorbitol was the major sugar throughout development (Fig. 5B) . Sorbitol translocated into fruit accumulates in the vacuole or is converted to hexose in the cytoplasm. In young and maturing cherry fruit tissue, the transport of sorbitol is apparently mediated through PcSOT1 and PcSOT2 (Gao et al. 2003) . The transcript level of MdSOT1 showed a slight increase from 74 DAFB to maturity, whereas that of MdSOT2 decreased throughout "Greensleeves" apple fruit development (Li et al. 2012) . MdSOT3, MdSOT4, and MdSOT5 had no or only low expression in apple fruit (Watari et al. 2004) . In a previous study, PbSOT1 (AFM91103) isolated from P. bretschneideri cv. "Yali" was expressed most highly in young fruit and substantially less in mature fruit (Zhang et al. 2014 ). In the present study, hexose accumulated rapidly and fruit weight greatly increased during the fruit rapid enlargement stage ( Fig. 5A and  B ). This suggests that there would be a sharp increase in demand for import of sorbitol into the fruit during enlargement. PbSOT2 had a high expression level at enlargement stage of "Yali" fruit (Fig. 5C) ; such expression suggests that the transporter is the most likely candidates to facilitate the transport and accumulation of hexose during fruit enlargement, since the demand for hexose increases. However, the precise role of PbSOT2 will need to be determined experimentally. Sorbitol unloaded in the fruit is actively converted to hexose by SDH and SOX, respectively. The activities of NAD-SDH showed remarkable changes during "Kosui" pear fruit development, and the activities of NADP-SDH and S6PDH were barely detected (Yamaki and Moriguchi 1989) . However, NADP-SDH showed high activities in both flesh and core during rapid fruit growth in "Kosui" (Zhang et al. 2007 ). These results showed that the activity changes of sorbitol metabolic enzymes differ for different fruit. In the present study, the change pattern of NAD-SDH activity in "Yali" fruit was similar to that of "La Franch" pear fruit (Yamada et al. 2006 ). NADP-SDH activity was much higher than SOX activity in "Yali" fruit, especially during the young and enlargement stages. NAD-SDH and NADP-SDH activities increased during the immature stage, which corresponded with the rapid accumulation of hexose. High expression of PbSOT2 might transport more sorbitol for fruit, and then high activities of NAD-SDH and NADP-SDH enhance sorbitol inversion. Thus, hexose increased and fruit developed rapidly at fruit enlargement stage.
In conclusion, a new sorbitol transporter gene, PbSOT2, was cloned from pear fruit, which localized to the plasma membrane. High expression level of PbSOT2 and high activities of NAD-SDH and NADP-SDH may promote sorbitol transport and metabolism, then hexose accumulated rapidly at fruit enlargement stage. The detailed roles of PbSOT2 in fruit development, sugar accumulation and its upstream regulation await further investigation.
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